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ABSTRACT
Lamichhane, Madan. M.S. The University of Memphis. August 2011. Synthesis and
Magnetic Characterization of Rare-Earth Doped Barium-Ferrites. Major Professor: Sanjay R.
Mishra.
The (Sr,Ba) M-type hexagonal ferrites are important permanent magnetic materials for
industrial applications. These ferrites possess relatively large saturation magnetization, high
intrinsic coercivity, and high magnetic anisotropy field as well as excellent chemical stability and
corrosion resistivity. Many studies have focused on cationic substitutions and on ionic radius
considerations, such as rare-earths to further enhance ferrite magnetic properties.
The present study highlights synthesis and characterization of rare-earth doped BaFe12O19
with an intention of improving overall magnetic properties of these ferrites. The effect of partial
substitution of Ba+2 ion with RE+3 (RE= La, Pr, Nd, Sm and Gd) on magnetic properties of BaFerrite prepared by solid state reaction using oxalate precursors is assessed in this study.

The phase and structural analysis of as prepared sample shows formation of pure
hexagonal phase micron size Ba-Ferrite particles. Ba-Ferrites show hard magnetic properties
with Hc ~ 2.2 kOe and unsaturated Ms of 37 emu/g. However, except for the Pr+3 ion doping
overall reduction in magnetic properties have been observed upon rare-earth ion doping.
Concomitants reduction in Curie temperature is also observed in rare-earth doped Ba-Ferrites.
Effect of replacing Ba+2 ion with dual RE+3 ions (Pr, and La) is on magnetic properties of BaFerrite is also assessed. The change in magnetic properties upon rare-earth ion substitution in BaFerrite is explained on the basis of crystal structure, super exchange interaction, rare earth single
ion anisotropy, and iron site occupancy.
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CHAPTER 1
INTRODUCTION
1.1 Magnetic Materials
The origin of magnetism in the magnetic materials is due to the orbital and spin
motions of electrons. On the basis of how materials respond to external field, these
materials are classified as diamagnetic, paramagnetic or ferromagnetic.
Diamagnetic materials are slightly repelled by a magnetic field and the materials
do not retain the magnetic properties when the applied field is removed. They are
composed of atoms which do not have net magnetic moments due to the presence of
paired electrons. Diamagnetic properties are due to the realignment of the electron paths
when exposed to an applied field. Diamagnetic materials have small value of negative
susceptibility. Some examples of diamagnetic materials are copper, silver, gold etc.
Paramagnetic materials are slightly attracted by a magnetic field and the material
does not retain the magnetic properties when the external field is removed. Paramagnetic
properties of the materials are due to the presence of unpaired electrons in the atoms.
These materials have small value of positive susceptibility. Examples of paramagnetic
substances are magnesium, molybdenum, lithium and tantalum etc.
Ferromagnetic materials are strongly attracted by a magnetic field and retain the
magnetic properties after the external filed is removed. The atoms of the ferromagnetic
materials have net magnetic moment due to the presence of some unpaired electrons.
Unlike paramagnetic materials, the atomic moment shows very strong interactions which
causes parallel or antiparallel alignment of atomic moments. Iron, nickel and cobalt are
examples of ferromagnetic materials [1, 2].
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1.2 The ferromagnetic materials
The ferromagnetic materials can be divided into two types; soft and hard magnetic
materials. The soft magnetic materials are easily magnetized and demagnetized at low
magnetic field while hard magnetic material are difficult to magnetize, but once
magnetized, it is difficult to demagnetize. The hysteresis loop for hard and soft
ferromagnetic materials is shown as figure 1.
The soft magnetic materials have low value of coercivity (Hc). Since soft
magnetic materials can be easily magnetized, their permeability is very high. They have
low magnetocrystalline anisotropy and magnetostriction constant. These materials have a
narrow hysteresis loop so they are used to make temporary magnet. Few important soft
magnetic materials are Fe, Fe-Si, MnZnFe2O4, silicon, iron etc.
The hard magnetic materials have high value of coercivity(Hc), saturation
magnetization (Ms) and retentivity (Mr). Hard magnetic materials have high
magnetocrystalline anisotropy. They show broad rectangular hysteresis loop. These
materials are suitable for applications such as permanent magnets and magnetic recording
media. Few important examples of hard magnetic substances are SmCo5, Nd-Fe-B,
Alnico, ferrites etc [3, 4].

2

MS

Mr
Hc

(b)

(a)

Fig. 1 Hysteresis loop for (a) soft and (b) hard magnetic material. Where, Ms, Hc and Mr
are saturation magnetization, coercivity and remanance respectively.

1.3 Comparison of different hard magnetic materials
Some important hard magnetic materials are alnico, SmCo5, Nd-Fe-B, alnico and
ferrites. Each of these materials shows different set of magnetic properties. A comparison
of different types of magnetic materials has been listed in table 1 [5].
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Table 1 Comparison of commercial permanent magnetic materials [5]
Parameters
Ferrites
Alnico
SmCO5

Nd-Fe-B

Remanance (Mr) (mT)

370

700-1200

890

1100

Coercivity (Hc) (kA/m)

255

50-150

1200

>1000

(BH)max (kJ/m3)

30

60-80

150

350

Curie Temp. (K)

750

860

933

585

Max. Operation
Temperature (K)

523

773

523

373

Raw material source

Very good

Poor

Poor

Good

Density( kg/m3)

4650

7300

8300

7400

Price ratio/ magnetic
energy

1

7.5

23

7

The comparison shows that hard ferrites have low price per unit magnetic energy and
their raw material source is easily available in the nature. Thus the hard ferrites have
great industrial importance.
1.4 Different types of ferrites
On the basis of primary crystal lattice, ferrites are commonly categorized into
three types: spinels, hexagonal ferrites and garnets. Ferrimagnetisms arise due to the
presence of the transition metal ions having antiparallel alignment of the magnetic
moments on the different crystallographic sites but these antiparallel magnetic moments
do not cancel each other to give total magnetic moments zero. These transition metal ions
are coupled by the super-exchange interaction by the help of oxygen ions [37-38-39].
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1.4.1 Spinels

Structures and compositions
The general chemical formula for the Spinels ferrite is written as MeFe2O3, where
‘Me’ represents divalent transition ions like Zn+2, Cd+2, Ni+2, Mn+2 Co+2 etc. In spinel
ferrites, O-2 form a cubical close packing structure with octahedral and tetrahedral
interstitial sites. These interstitial sites are occupied by the cations. Figure 2 shows a
cubic unit cell containing eight formula units, where ‘A’ and ‘B’ are tetrahedral and
octahedral sites respectively. The preference of the A and B sites depends on the ionic
radius, electronic configuration and electrostatic energy in the lattice. If the cations like
Zn+2 and Cd+2 are present in the ferrites then they prefer ‘A’ sites and Fe+3 occupies ‘B’
sites. But in case of cations like Ni+2, Mn+2 and Co+2 ferrites, they prefer ‘A’ sites so Fe+3
occupy ‘B’ sites [37].

Fig. 2 Two octants of the spinel unit cell. A and B represents tetrahedral and octahedral
sites respectively [40].
5

Magnetism
In ferrites, there are three types of super exchange interactions: A-A, B-B and AB where all interactions are antiferrimagnetic in nature. The A-B interaction is the
strongest one because of small cation- O2- bond length and favorable angle between
cation-O2—cation. Thus the A-B interaction is most dominated interaction which causes
antiparallel alignment of cations in the two types of sublattices and parallel alignment
with in the same sublattices. Therefore in the inverse spinel, the magnetic moments of
Fe3+ on B-sites cancel out with those of Fe3+ on A-sites. The net magnetization is due to
the uncompensated magnetic moments from all the divalent ions at B-sites [37].
1.4.2 Garnets
Structures and compositions
The chemical formula for Garnets is given by Me3Fe5O12, where ‘Me’ is RE ions.
The cubic unit cell consists of 8 formula units, which is formed by 96 O2- with the cations
in their interstitial sites. Figure 3 shows yttrium iron garnet Y3Fe5O12 there are 24 Y3+
ions in dodecahedral sites, 24 Fe3+ ions in tetrahedral sites and 16 Fe3+ ions in octahedral
sites.
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Fig. 3 Unit cell structure of Yittrium Garnet, showing cation coordination structure [6]:
Fe3+ ( ) in tetragonal site at; Fe3+ (●) in octahedral site at (0 ¼ ⅜) and Y3+ (○) in
docedahedral sites at (¼ ⅛ ½) and (0 ¼ ⅝) [39].

Magnetism
Since there are no 4f electrons in Y3+, it does not have a magnetic moment. There
are three Fe3+ ions on tetrahedral sites which are antiparallel with two Fe3+on octahedral
sites. Thus, each formula unit has net magnetic moments of 5µ B. If Me3+ has a permanent
magnetic moment, the Me3+ ions form a third magnetic sublattice. At low temperatures,
the overall magnetization is parallel to that of Me3+; when temperature increases, the
Me3+behave paramagnetically in the exchange field produced by the strong Fe3+ coupling
[42].
1.4.3 Hexagonal ferrites
Structures and compositions
The hexagonal ferrites have hexagonal crystal structures. There are four types of
hexagonal ferrites: M, W, Y and Z types. The chemical composition ratio,
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(BaO+MeO)/Fe2O3, for different types of hexagonal ferrites are 1:6, 3:8, 4:6 and 5:12
respectively, where ‘Me’ is a transition cation. Among them W, Y and Z are difficult to
process so M type of ferrites have greatest technological interest. Figure 4 shows the
crystal structure of M-type ferrites.
M-type ferrites have chemical formula XFe12O19 where X can be Ba, Sr or Pb.
They have hexagonal crystal structure and their symmetry group is characterized by the
space group P63/mmc. Figure 4 shows complete structure of unit cell of BaFe12O19. It
consists of 10 layers of oxygen and has two chemical formula units in the unit cell. Every
five oxygen layers, one oxygen ion is replaced by Barium ion which make a molecule of
XFe12O19. Each molecule is consists of two structural units: a cubic block S (Fe6O8)-2,
having spinal structure and a hexagonal block R (BaFe6P11) +2, contains Ba+2 ion [10-11].
There is 180o rotational symmetry of each molecule around the hexagonal ‘c’-axis against
the lower or upper molecule. The unit cell of the M ferrites can be written as RDR*S*
where asterisk indicates a 180-rotation of corresponding block around the hexagonal axis.
There are 24 Fe3+ ions occupy interstitial position at five different crystallographic sites:
three octahedral (12k, 4f2 and 2a), one tetrahedral (4f1) and one bipyramidal site (2b).
Table 2 shows the crystallographic properties of m-type ferrites. [9- 10-11-12].
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Fig. 4 Crystal structure of Barium Hexaferrites [9]

Table 2 Crystallographic properties of M-type ferrites [9]
Parameters

BaFe12O19

Ferrites
SrFe12O19

PbFe12O19

Lattice parameter ‘a’ (nm)

5.893

5.88

5.88

Lattice parameter ‘c’ (nm)

23.194

23.07

23.02

Molecular Weight (a.m.u)

1112

1062

1181

Density (g/cc)

5.28

5.11

5.68
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Magnetism
The magnetic properties of BaFe12O19 are due to ferric ions present in the
molecule. Each iron ion has magnetic moment of 5µ B at 0o K, which align to give either
parallel or anti parallel interaction. Ions of the same crystallographic position are aligned
parallel which form a magnetic sub lattice. The super exchange interaction of an oxygen
ion with iron ions is responsible for interaction between magnetic sub lattices. If an angle
between Fe-O-Fe is 180o then atomic moments are parallel and anti-parallel when the
angle is 90o [11]. The spin alignment of iron ions at different crystallographic sites has
been mention in table 3 [4].

Table 3 Summary of the crystal structure and magnetic structure of Barium hexaferrites
[4]
Sublattice
Co-ordination
No. of ions
Spin
12k

Octahedral

6

Up

4f1

Tetrahedral

2

Down

4f2

Octahedral

2

Down

2a

Octahedral

1

Up

2b

Bi-pyramid

1

Up

The total magnetization at temperature is written as,

Js(T)=6σk(T)-2σf1(T)- 2σf2(T)+σa(T)+ σb(T)

(1)

Where σk, σf1, σf2, σa and σb are magnetization of one Fe+3 ion in their corresponding sub
lattice. At 0 K a magnetic moment of Fe+3 is 5µ B. The calculated magnetic moment is 20
µ B for each unit cell [9].
10

1.5 Comparisons among types of ferrites
The difference in magnetic properties of different types of ferrites is due to the
variation in crystal structure and atomic interactions. Spinal ferrite can be operated from
3 to 30 GHz frequency range [43-44]. They have high permeability and low natural
resonance frequency and temperature variation. For instance, lithium ferrites used in
microwave devices because of its square shape hysteresis loop and high value of Neel
temperature (TN) [37]; Ni ferrites are suitable to use in high power applications because
of its stable magnetic properties.
Garnets are weakly ferromagnetic because of large formula unit. They have got
high resistivity and loss only low magnetic energy even at the higher frequency because
of presence of only trivalent ions. For example, single crystal yttrium garnet has a
resonance line-width of 0.1 G at 10 GHz [41-45].
The hexagonal ferrites has can be used in wide range of frequency from 1 to 100
GHz because of intrinsic uniaxial anisotropy along ‘c’-axis. They are useful for ultrahigh
frequency applications also to make permanent magnet. Because of complex crystal
structure they require higher temperature of calcinations and sintering temperatures [41].
1.6 Intrinsic Magnetic Properties of M-type ferrites
The intrinsic magnetic properties are divided into two types; primary and
secondary magnetic properties. The magnetic properties such as saturation magnetization
(Ms) and magneto crystalline anisotropy constant (KI) are primary magnetic properties.
The primary magnetic properties directly related to the magnetic structure.
Saturation magnetization is the amount of magnetic field that magnet can produce. It is
also defined as maximum magnetic moment per unit volume per gram. It can be

11

calculated from magnetic moments of iron ions. For M-type ferrites its value is 40 µ B per
unit cell at 0 K. Magneto crystalline anisotropy is an intrinsic property of a ferromagnetic
material which arises from spin orbit interaction of the electrons. Depending on the
crystallographic orientation of the sample in the magnetic field the magnetization reaches
saturation in different fields. Magneto crystalline anisotropy energy is the energy
necessary to deflect the magnetic moments in a single crystal from the easy to the hard
direction. It can be expressed as

E = K1 sin2 θ + K2 sin2 θ + ..........

(2)

Here, K1 and K 2 are, empirical constant, called first and second order anisotropy
constants and θ is the angle between the magnetization and the c-axis.
The magnetic properties such as anisotropy field strength HA and the specific domain all
energy (γw) are called secondary magnetic properties. The secondary magnetic properties
are derived from the primary magnetic properties. The anisotropic field strength HA is the
maximum coercivity Hc(max) corresponds to HA. The energy of a domain wall is simply the
energy difference between the magnetic moments before and after the domain wall was
created. This value is usually expressed as energy per unit wall area. This value is usually
expressed as energy per unit wall area. The primary and secondary magnetic properties
have been listed in a table 4 [4].
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Table 4 Primary and secondary properties of M-type ferrites [4]
Primary Magnetic
Properties

Numerical
values

Secondary
Magnetic
Properties

Numerical
Values

Saturation Magnetization
(mT)

475

Specific Wall energy
(J/m2)

5.42 ×10-3

Anisotropic constant (kJ/m3)

360

Anisotropy Field
(kA/m)

1506

Curie Temperature (K)

750

Max. Coercivity
(Oe)

1240

1.7 Substitution of rare-earth ions in barium hexaferrite
The rare earth ion replaces the Ba+2 ion of the barium hexaferrite. At the same
time, Fe+3 ions convert to Fe+2 ions to keep charge neutrality [27]. The rare earth ions
their own magnetic moment. Since the radius of the RE+3 is smaller than Ba+2, the unit
cell contracts after doping, which alters Fe+3-O-Fe+3 super exchange interactions [28].
Thus the substitution of the rare earth ion changes the magnetic properties of the barium
hexaferrites. There are four important factors responsible for change in magnetic
properties; change in strength of Fe+3-O-Fe+3 super exchange interaction due to
contraction, spin canting (non-collinear magnetic order), magnetic dilution with valence
state change of Fe+3 (0.64 Å) ions into Fe+2(0.76 Å) ions and anisotropy of the rare earth
ions due to asymmetric charge distribution of 4f electrons [29-30].
1.8 Anisotropy of rare-earth ions
The main reason for the superiority of rare earth magnet over other magnets is due
to high value of magneto crystalline anisotropy. The magnetic anisotropic properties are
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reason for hysteresis and coercivity in a magnet. The saturation magnetization Ms of rareearth permanent magnet is also high.
The 4f electrons in the rare-earth sub lattice are responsible for high anisotropy of
the rare-earth transition metal. On the other hand, the 3d electrons of Fe and Co ensure
magnetization and Curie temperature, and also stabilize the anisotropy at finite
temperatures. The exchange interaction of transition metal sub lattice (d-d exchange)
responsible for determining Curie temperature but in case of rare earth metal, inter-sub
lattice d-f exchange interaction determines Curie temperature and stabilizes the rare-earth
anisotropy. But most of the permanent magnets are transition-metal rich so effects of f-f
interaction are almost negligible.
The anisotropy of a magnet is combined effect of spin-orbit interaction and crystal
field interaction. Since the rare-earth 4f electrons are well-screened from crystalline
environment, the crystal field interaction is very small with compared to the spin-orbit
interaction. The spin orbit interaction is relativistic and also increases velocity of the
electrons. For the lanthanide group, 4f electrons are comparatively close to nucleus so
moves fast and experience a high spin-orbit interaction. But in case of Fe and Co, 3d
electrons adjust themselves with the crystal field. Therefore, the expectation values of the
both the magnetic anisotropy and orbital moment are nearly zero.
The rare earth anisotropy energy can be calculated from Hund’s rule;
E = 〈 Ψ VCF Ψ 〉

(3)

Where ‘Ψ’ is the wave function of the 4f electrons and VCF is the potential energy of the
electron into the crystal field.
14

If ρ (r ) = 〈 Ψ Ψ 〉 is the charge density of 4f electrons which is characteristics of the rare
earth ion, then the anisotropy energy can be written as,
E = ∫ ρ ( r )VCF ( r ) dr

(4)

The electron distribution in 4f shell is different for different rare-earth ions. The first
three rare-earth ions of half series are oblate and the last three ions in each half series are
prolate. Whereas, gadolinium has got spherical 4f shell, thus it has got zero magneto
crystalline anisotropy (but has got shape anisotropy of magneto static origin). The prolate
ion tries to direct itself towards interstitial directions. The different rare-earth ions orient
themselves in different direction in the same crystalline environment. Therefore different
rare-earth ions have got different anisotropy constant. Figure 5 shows single ion
anisotropy distribution of 4f electrons of RE ions [26].

Fig. 5 Rare-earth single –ion anisotropy: a) prolaticity of rare-earth 4f electron clouds, b)
rare-earth ion in a cubic environment, and c) rare-earth ion in a tetragonal environment
(The arrows show the magnetization direction) [26]
15

1.9 Magnetic anisotropy
Magnetic anisotropy mainly depends on the spin orbit interaction and shape of a
material. Susceptibility of a material depends on the direction in which it is measured.
Hence the magnetocrystalline anisotropy and shape anisotropy are two important
categories of magnetic anisotropy. It determines the stability of magnetization. If the
magnetic anisotropy exists in a specimen, the total magnetization of a system will tends
to lie along the easy axis [18, 19]. The electron spin – orbit interaction of energy will
reduce the spherical symmetry of the atomic potential, and thereby introduce anisotropy
in the orbital moments. The shape anisotropy depends on the magnetic dipolar coupling
between individual spins. Figure 6 shows magnetization along the easy and hard axis
direction.

FIG. 6: Field required vs. magnetization along easy and hard axes.
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1.10 Applications of the hard ferrites
Hard ferrites have low price per unit magnetic energy so they have been widely
used in permanent magnetic industries. The high value of coercivity and magnetization
made them suitable to make permanent magnet. They have been used to make center core
in loudspeaker systems, strong magnet for electric motor etc. Besides using as permanent
magnet, they are being used in the field of microwave, magnetic bubble memories,
magnetic tape recording and magneto-optics. The density of the hard ferrites is relatively
low with compared to other kinds of hard magnets, so they can be used to make light
weight magnetic device. Some common applications in everyday life are tabulated in
table 5 [4].

Table 5 Common applications of barium hexaferrites [4]
Devices

Parts

Cassette recorder

Speaker, synchronous motor, mike etc

Video cassette recorder

Main wheel motor

TV sets

Speaker, color adjusting magnet

Air conditioner

Fan motor

Refrigerator

Fan motor, compressor motor

Car

Starter motor, window motor, viper motor

computers

Disc drive, fan motor, speaker etc

VCD and DVD

Main wheel motor
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CHAPTER 2
OBJECTIVES
Magnetic properties of barium hexferrite can be altered by doping with rare -earth
metal. The rare-earth ions have their own magnetic anisotropy and replacement of barium
ion with rare-earth ion contracts crystal. As a result, magnetic properties of the barium
hexaferrite changes after doping with rare-earth metal [29].
In 2002, D. Roy, C. Shivakurmara, and P.S. Anil Kumar mixed ferrous oxalate
Fe(C2O4).2H2O and barium peroxide (BaO2) in stoichiometric ratio and heated at 1200oC
for 24hr to prepare barium hexaferrite. They obtained barium hexaferrite without
impurities with the micrometer in size [30].
In 2004, Ugur Topal, Husnu Ozkan and Huseyin Sozeri synthesized BaFe12O19 by
placing BaCO3 and Fe2O3 in the stoichemetric ratio in the melt solution of ammonium
nitrate and heated initially for 260oC for one day. This precursor heated at different
temperatures, up to 1200 oC, to get BaFe12O19 powder. The Ms and Hc observed for this
sample is 44.5 emu/g and 3047 Oe respectively. But the sample contains BaFe2O4 as an
impurity even for heating temperature at 1200 oC [36].
In 2006, S. Ounnukad prepared La and Pr substituted barium hexaferrites, Ba1-x
(La or Pr) xFe12O19, x = 0.00-0.20, by a citrate combustion process. They did structural
and magnetic studies using XRD and VSM. They found remarkable increase in Hc with
increasing La or Pr ions content. They found 240 A-m2 of maximum Hc for ‘Pr’ doped
sample at concentration of x = 0.2 and magnetization had maximum value of 77 emu/gm
at ‘Pr’ concentration x = 0.1 [33].
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In 2006, S. Ounnunkad, P. Wintai, and S. Phanichaphant doped barium
hexaferrites with lanthanum ion from 0.00 to 0.30. They found that magnetization
reached to maximum value of 71 emu/g at x=0.15 and coercivity of value 2.4 kOe at
x=0.3 [28]. But there pure phase have got low value (1.25 kOe) of coercivity.
In 2008, R. Skomski and D. J. Sellmyer studied about affect of the rare earth ion
in permanent magnet. They used Hund’s rules of 4f ion in the crystal field to calculate
anisotropy energy. Since the charge distribution of 4f electrons in different rare earth ion
is different, the corresponding anisotropy constants are also different for the similar
crystallographic site [26].
We adopted synthesis method followed by D. Roy, et al. [30] with some
modification to prepare RE doped barium hexaferrite because they have got pure phase
Barium hexaferrite. Their method is less time consuming, easy and can produce large
amount at a time. Since barium hexaferrite is being large used in present magnetic market
so industrial production of the large amount at short period of time with less difficult play
very important role. And very important part of our research is we are going to study the
variation in its magnetic properties when doping with different rare-earth ions. By doping
with different RE ions, we can enhance magnetic properties. When we dope with RE
ions, it replaces the barium ions and contract. Due to the contraction Fe+3-O-Fe+3
exchange interaction changes, this changes the magnetic properties [28]. Also, different
rare-earth ion has different 4f electron distribution so it will have different orientation in
the same crystallographic field. Hence the anisotropic behavior for various RE doped
barium hexaferrite samples will be different [26]. We took mixture of ferrous oxalate (Fe
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(C2O4)2.2H2O), Barium peroxide (BaO2) and R2O3 and ball milled for 4 hrs and heated at
1200oC to obtained RE doped barium ferrite. Our goals of this project are therefore;
Objectives
1.

To synthesize RE doped Barium ferrites i.e. Ba0.7RE0.3Fe12O19 (RE=La, Pr, Nd,
Sm and Gd) to study the variation in,
a)

coercivity of the barium ferrite when doped various RE metals because
different RE ions have different ionic anisotropy which can affects the
coercivity.

b)

saturation magnetization because magnetic moment of different RE ions is
different and aligns in different orientation with respect to Fe3+ ions.

2.

To synthesize ‘Pr’ and ‘La’ doped barium ferrite i.e. BaPrxLa0.3-xFe12O19 with
different concentration (x=0.0-3.0) to study variation in magnetization and
coercivity as a function of ‘Pr’ concentration. It was previously observed that Pr
doping increases the coercivity and while La doping increases magnetization [28].
Thus, it is expected that La and Pr doping in BaFe12O19 will bring simultaneous
enhancement in Hc and Mc of BaFe12O19.

3.

To study thermal, structural and magnetic properties and their relations of RE
doped barium ferrites.

2.1 Work Plan
Rare earth doped barium ferrites; BaPrxLa0.3-xFe12O19 (where x=0.0 to 0.3) and
Ba0.7R0.3Fe12O19 (R=La, Pr, Nd, Sm, Gd) were synthesized using solid state reaction
method by using BaO2, Fe (C2O4)2.2H2O and R2O3 [30].
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The structural and crystallographic properties were studied by using X-ray
diffraction (XRD) and Scanning electron microscope (SEM). Thermal analysis was
performed to understand phase change and thermal stability of as synthesized ferrites
performed using DSC. Magnetic studies were conducted using alternating gradient
magnetometer (AGM) at room temperature. In particular magnetization and coercivity
was investigated in detail.
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CHAPTER 3
EXPERIMENTAL
3.1.1 Synthesis
BaFe12O19 and Ba0.7R0.3Fe12O19 (R=La, Pr, Nd, Sm, and Gd) were synthesized by
solid state reaction method. All the required chemicals (purity 99.9%) were purchased
from Sigma Aldrich and used without further purification.
Synthesis of BaFe12O19
Barium peroxide (BaO2) of 0.33118g wt. and Ferrous Oxalate (Fe (CO2)2.2H2O)
of 4g are ball milled for 4hrs at 400 rpm to get uniform mixture, the above mixture was
heated at 1200 oC for 24 hrs to prepare barium hexaferrite. The synthesis was carried out
according to following reaction [30].

BaO2+12 Fe (CO2)2.2H2O + 9.5 O2→BaFe12O19+24H2O+2CO2
Synthesis of BaPrxLa03-xFe12O19 and Ba0.7R0.3Fe12O19 series
Barium peroxide (BaO2), Ferrous Oxalate (Fe (CO2)2.2H2O) and RE oxide are
taken in stochimetric ratio and ball milled for 4hrs at 400 rpm to get uniform mixture, the
above mixture was heated at 1200 oC for 24 hrs to get RE doped barium hexaferrite.
Table 6 shows the weight required for the reactants to prepare RE doped Barium ferrite.
Figure 7 shows the flow chart of the complete process of making RE doped barium
hexaferrites.
Reaction mechanism of synthesis is as follows:

i)

0.7BaO2 + 12 Fe (CO2)2.2H2O ] + 0.15R2O3 + 17.15O2 → Ba0.7 R0.3Fe12O19 +
24H2O + 2CO2
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ii)

0.7BaO2 +12 Fe (CO2)2.2H2O + (0.15-x/2) La2O3 + (x/2) Pr2O3 +17.15O2 →
Ba0.7R0.3Fe12O19 + 24H2O + 2CO2

Table 6 Weight of the reactants to prepare different RE doped barium ferrites
Samples
BaO2 (gram)
RE2O3 (gram)
Fe
(CO2)2.2H2O
(gram)
Ba0.7La0.3Fe12O19

0.2196

4

La2O3=0.09055

Ba0.7Pr0.3Fe12O19

0.2196

4

Pr2O3=0.09167

Ba0.7Nd0.3Fe12O19

0.2196

4

Nd2O3=0.09352

Ba0.7Sm0.3Fe12O19

0.2196

4

Sm2O3=0.09675

Ba0.7Gd0.3Fe12O19

0.2196

4

Gd2O3=0.09920

Ba0.7La0.1Pr0.2Fe12O19

0.2196

4

La2O3=0.3015
Pr2O3=0.06104

Ba0.7La0.15Pr0.15Fe12O19

0.2196

4

La2O3=0.04520
Pr2O3=0.04578

Ba0.7La0.2Pr0.1 Fe12O19

0.2196

4

La2O3=0.0603
Pr2O3=0.03052
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BaO2

RE2O3 (R=La, Pr,
Nd, Sm, and Gd)

Fe (CO2)2.2H2O

Weighing

Mixing by planetary
ball milling for
4hours

Calcinations at 1200 oC for 24
hrs

Fig. 7 Flow chart of the complete process of making RE doped barium
hexaferrite.
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3.1 Structural Characterization
3.1.1 Scanning electron Microscopy (SEM)
Scanning electron microscope (SEM) uses a focused beam of high-energy
electrons to generate a variety of signals at the surface of solid sample for imaging. The
signal that obtained from the interactions contains information about surface topology,
composition and crystalline structure of the sample. It can magnify the image from 20 to
500,000 times with spatial resolution of 1 to 20 nm.
The powder sample was spread over the specimen stub and placed on the stage.
Working distance of the specimen stub maintained at 10 mm with the electron beam
energy of 30 keV. To get clear picture, the sample was magnified around 4500 times with
a spot size of 3.0. Finally, EDX analysis was done to find chemical composition of the
sample.
3.1.2 X-ray Diffraction (XRD)
Bruker D8 advanced X-ray diffractometer with Cu-K radiation (wavelength,
λ=1.54056 Å) was used to find the crystal structure and phase of samples. The samples
were placed on a zero background (Si) sample holder. Diffraction patterns were obtained
from 20o-75o (2θ) at room temperature. The XRD patterns of the samples were matched
with ICCD data base to identify.
To find the size of the particles, the full width at half maxima is noted for the diffraction
peaks. The Scherrer’s equation is used as, [34]

D=

0.89 λ
β × cos θ

(5)
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Where “D” is the average crystallite size of the particle, “λ” is the wave length of X-rays
(0.15406 nm), “θ” is the Bragg‘s angle, and “β” is the value at full width half maxima
(additional broadening in radians
For the hexagonal structure, lattice constants ‘a’ and ‘c’ were calculated by the
following equation

d ( hkl )

 4(h 2 + hk + k 2 ) l 2 
= 
+ 2 
3a 2
c 


−

1
2

(6)

Where ‘h’, ‘k’ and ‘l’ are the miller indices of a plane [35].
3.3 Thermal Characterization
3.3.1 Differential Scanning Calorimeter (DSC)
To study the transitional properties such as melting point, crystallization behavior
and thermal stability of materials DSC can be used. In our experiment, DSC was used to
find the Curie temperature (transition temperature where ferromagnetic state change to
paramagnetic state) of the samples.
DSC is a thermo analytical technique where difference in the amount of heat
required for increasing the temperature of a sample and reference is measured as a
function of temperature. The endothermic and exothermic reaction peaks give us
information about the transition of samples. The enthalpy of the sample can also be
calculated measuring the area under the transition peaks.
DSC was carried out with TPI-910 cell base from 25 oC to 600 oC at the heating
rate 20 oC/min. The Curie temperatures were found by observing endothermic peak of the
DSC curve for different samples.
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3.4 Magnetic Characterization
3.4.1 Alternating gradient magnetometer (AGM)
The magnetic characterization was done at Department of Physics, University of
Texas at Arlington with the help of AGM. The alternating gradient magnetometer is used
to find magnetization and coercivity of a magnetic substance by measuring hysteresis
loop through combined use of AC and DC fields.
For the magnetic measurement, the weighed samples were embedded in epoxy.
This mixture was kept in the nonmagnetic mold which is capable to apply pressure of
5000 psi. This whole system is placed in the electromagnet of 2T field and allowed to
rotate particle to align parallel to the field and pressed and waited for few minutes.
Finally this compacted sample cut in to the pieces of 1×1×3mm geometry. The
demagnetization process was carried out by the filed scanning from 14 kOe to zero by the
filed decrement 1%. The saturation magnetization, remanance, and coercivtiy were
measured by using 14 kOe of magnetizing filed.
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CHAPTER 4
RESULTS AND DISCUSSION
4.1 Scanning electron microscopy
The working distance of the specimen stub at 10 mm with the electron beam
energy of 30 keV. The spot size of the sample was kept 3.0 and magnification was
adjusted to micrometer scale. Finally, Energy-dispersive X-ray spectroscopy (EDX)
analysis was done to find chemical composition of the sample.
The structural evolution of BaFe12O19 as synthesized sample as function of
temperature was assessed using SEM. The SEM images were obtained at figure 8 (A)-(D)
shows gradual crystalline growth of BaFe12O19 particles with increase in the calcinations
temperature crystallization process is completed at around 1200 oC with the formation of
hexagonal barium hexaferrite. The particles have nematic shape of length around 5 µm in
length and approximately 1 µm in diameter.
The EDX analysis was performed to find the chemical composition. Table 7
shows atomic and weight % of the BaFe12O19.
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(A)

(B)

(C)
(D)
Fig. 8 SEM image of BaFe12O19 calcined at (A) 900 o C, (B) 1000 o C, (C) 1100 oC, and
(D) 1200 oC.

Table 7 Atomic weight and Wt % for different elements for BaFe12O19
Parameter in %

Ba

Fe

O

Atomic number
%

3.12

37.4

59.2

Wt. %

12.32

60.30

27.33

This result confirms the formation of stomichometric BaFe12O19 without formation of any
secondary phase.
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4.2 XRD studies
Figure 9 shows the X-ray different pattern of BaFe12O19 precursor calcined at
different temperature. As seen from the figure 9, a secondary phase corresponding to
BaFe2O4 and Fe2O3 emerges at 900 oC. At temperature 1000 oC, secondary phase Fe2O3
begin to decrease. A pure phase BaFe12O19 observed to emerge at 1200 oC. The pure
phase BaFe12O19 was identified with the (ICCD 86-0171), which is corresponding to
hexagonal P63/mmc symmetry group.

BaFe2O4
BaFe12O19
Fe2O3

Intensity (a.u.)

(D)

(C)

(B)

(A)

20

30

40

50

60

70

2θ
θ (degree)

Fig. 9 XRD pattern observed for Barium hexaferrite prepared by heating at (A) 900 oC,
(B) 1000 oC, (C) 1100 oC, and (D) 1200 oC.

30

Ba0.7RE0.3 Fe12O19 series
Figure 10 shows XRD pattern of RE ions doped barium ferrites, diffraction peaks
are found to be shifted towards right with respect the pure BaFe12O19, which signifies
contraction of crystals. The sharp diffraction peaks indicate formation of highly
crystallite material. The maximum shift in the peaks has been observed for ‘Sm’ and
minimum for the ‘Pr’ doped sample.
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(i)

(ii)
Intensity(a.u.)

(F)
(E)
(D)
(C)
(B)
(A)

Intensity (a.u.)

29.5

30.0

30.5

31.0

2θ
θ

31.5

32.0

32.5

(F)

(E)

(D)

(C)

(B)

(A)
20
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40

50

60

70

2θ
θ (degree)
Fig. 10 XRD patterns for (A) BaFe12O19, (B) Ba0.7La0.3 Fe12O19, (C) Ba0.7Pr0.3 Fe12O19, (D)
Ba0.7Nd0.3 Fe12O19, (E) Ba0.7Sm0.3 Fe12O19, and (F) Ba0.7Gd0.3 Fe12O19 series for 2θ from (i)
20o to 75o and inset (ii) 29.5o to 32.5o.
The contraction of the unit cell is attributed to the ionic radius RE+3. The ionic
radius for the rare earth ions (RE+3) are smaller than the barium ion (Ba+2) (Ba+2 -1.49 Å,
La+3 -1.172 Å, Pr+3 -1.13 Å, Nd+3 -1.123 Å, Sm+3 -1.098 Å and Gd+3 -1.078 Å). When
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barium hexaferrite doped with rare earth ion, barium ion (Ba+2) is replaced with rareearth ion (R+3) and one of the Fe+3 ion converts into Fe+2 ion, where radius of Fe+2 ion is
greater than Fe+3 ion. Thus doped rare earth ion tends to decrease the size of the crystal.
On the other hand, conversion of Fe+3 into Fe+2 tries to increase the size. But difference in
the radius of the R+2 ion and Ba+2 ion is greater than the difference of the Fe+3 (0.64 Å)
and Fe+2(0.76 Å), therefore the crystal gets contracted after doping. But the creation of the
Fe+2 ions are not in same site for different kind of RE ions, therefore the contraction is
not only function of ionic radius or atomic number of the RE+3 ions but also depends
on formation of Fe+2 ions at different sites [29]. Crystallite size of the particles was
calculated by using Scherrer’s formula (equation (5)) and their values of size are listed in
the table 8.

Table 8 Crystal size for Ba0.7RE0.3Fe12O19 calculated using Scherrer’s formula
Sample
Crystalline size
BaFe12O19

878 nm

Ba07La03Fe12O19

902 nm

Ba0.7Pr0.3Fe12O19

875 nm

Ba0.7Nd0.3Fe12O19

866 nm

Ba0.7Sm0.3Fe12O19

837 nm

Ba0.7Gd0.3Fe12O19

859 nm

The lattice parameters ‘a’ and ‘c’ for BaFe12O19 and Ba0.7R0.3Fe12O19 series were
calculated using equation 3.2 and listed in the table 9. It shows that when the barium
ferrite is doped with RE ions, the lattice parameter decreases with the increase in atomic
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number of RE. The change in ‘a’ and ‘c’ were 0.22 and 0.174 % respectively. The figure
11 shows the change in lattice parameters with atomic number. The plot shows that
lattice contracts more along ‘a’ than along ‘c’.

Table 9 Lattice parameters ‘a’ and ‘c’ for Ba0.7R0.3Fe12O19
Name of the
Atomic
Lattice parameter
ferrites
number
‘a’(nm)
BaFe12O19
56
5.89394

Lattice parameter
‘c’(nm)
23.1980

Ba0.7La0.3Fe12O19

57

5.88616

23.1914

Ba0.7Pr0.3Fe12O19

59

5.88978

23.1952

Ba0.7Nd0.3Fe12O19

60

5.88410

23.1853

Ba0.7Sm0.3Fe12O19

62

5.88092

23.1577

Ba0.7Gd0.3Fe12O19

64

5.88172

23.1717

Ba

Lattice parameter 'a' (nm)

5.892

Pr

5.890

La

5.888
5.886

Nd

5.884

Sm

Gd

62

64

5.882
56

(i)

58

60
Atomic Number
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Lattice Parameter 'c' (nm)

Ba
23.19

Nd

Pr

La
23.18

Gd
23.17

Sm
23.16
56

(ii)

58

60

62

64

Atomic Number

Fig. 11 Lattice parameters (i) ‘a’ and (ii) ‘c’ for Ba0.7R0.3Fe12O19 series as a function of
atomic number of RE ions.

Ba0.7PrxLa0.3-xFe12O19 series
Figure 12 shows the XRD pattern of the Ba0.7PrxLa0.3-xFe12O19 series. When
barium ferrite is doped with ‘La’ and ‘Pr’, XRD peak has been shifted towards right
again indicating lattice contraction. The maximum shift in the peak when the
concentration of ‘Pr’ is 0.1 and least shift observed for x = 0.1.
The lattice constants ‘a’ and ‘c’ were calculated using equation (6). It has been
found that the lattice parameter roughly increases with the concentration of ‘Pr’ ion in the
barium ferrite which is plotted in the figure 13. The lattice parameters ‘a’ and ‘c’ have
been listed in the table 10.
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Fig. 12 XRD pattern for Ba07PrxLa03-xFe12O19 series where (A) BaFe12O19, (B) x=0, (C)
x=0.1, (D) x=0.15, (E) x=0.2, and (F) x=0.3 for 2θ (i) from 20o to 75o and inset (ii) from
28o to 33o.
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Table 10 Lattice parameters ‘a’ and ‘c’ for the Ba07PrxLa03-xFe12O19 series
Name of the elements
Lattice parameter
Lattice parameter
‘a’(nm)
‘c’(nm)
BaFe12O19
5.89394
23.1980
Ba0.7Pr0.3Fe12O19

5.88978

23.1952

Ba0.7Pr0.2L0.1 Fe12O19

5.88872

23.1942

Ba0.7Pr0.15La0.15Fe12O19

5.88723

23.1923

Ba0.7Pr0.1La0.2 Fe12O19

5.88592

23.1912

Ba0.7La0.3Fe12O19

5.88616

23.1914

The ionic radius for Ba+2, La+3 and Pr+3 are 1.49 Å, 1.172 Å and 1.13 Å
respectively. Thus the doped rare earth ion decreases the size of the crystal. On the other
hand, conversion of Fe+3 into Fe+2 tries to increase the size. But difference in the radius of
the rare-earth ion and barium ion is greater than the difference of the Fe+3 (0.64 Ao) and
Fe+2(0.76Ao), therefore the crystal gets contracted after doping. Although ionic radius of
the Pr+3 is less than La+3, crystal gets expanded when concentration of Pr+3 increases.
This is because of formation of Fe+2 ions are in different sites for La+3 and Pr+3 doped
sample. Figure 13 shows variation of lattice parameters with Pr concentration.
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Lattice parameter 'a' (nm)

5.889

5.888

5.887

5.886
0.00
(i)

0.05

0.10

0.15

0.20

0.25

0.30

x, Ba0.7PrxLa0.3-xFe12O19

Lattice parameter 'c' (nm)

23.195
23.194
23.193
23.192

(ii) 0.00

0.05

0.10

0.15

0.20

0.25

0.30

x, Ba0.7PrxLa0.3-xFe12O19
Fig. 13 Change in lattice parameters (i) ‘a’ and (ii) ‘c’ with ‘Pr’ concentration for
Ba07PrxLa03-xFe12O19 series.

The Scherrer’s equation is used for calculating crystallite size and their values are
listed in the table 11.
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Table 11 Crystal size for Ba07PrxLa03-xFe12O19 series calculated by using Scherrer’s
formula
Sample
Crystallite size
BaFe12O19

878 nm

Ba0.7Pr0.3Fe12O19

875 nm

Ba0.7Pr0.2L0.1 Fe12O19

889 nm

Ba0.7Pr0.15La0.15Fe12O19

873 nm

Ba0.7Pr0.1La0.2 Fe12O19

849 nm

Ba0.7La0.3Fe12O19

902 nm

4.3 DSC studies
Differential Scanning Calorimetric (DSC) studies were conducted to study the
phase transition temperature. About 35 mg of each sample was taken and kept in the DSC
pan, it was heated from 30 oC to 600 oC at the rate of 20 oC/min, we found endothermic
peak at 458.83 oC in the barium hexaferrite sample, which corresponds to Curie
temperature for magnetic transition. This value is very similar to the results obtained by
M.A. Ahmed et. al which is ~440 oC [29].
Ba0.7R0.3Fe12O19 series
Figure 14 shows the DSC curves for Ba0.7R0.3Fe12O19 series.
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Fig. 14 DSC curves for (A) BaFe12O19, (B) Ba0.7La0.3 Fe12O19, (C) Ba0.7Pr0.3 Fe12O19, (D)
Ba0.7Nd0.3 Fe12O19, (E) Ba0.7Sm0.3 Fe12O19, and (F) Ba0.7Gd0.3 Fe12O19 Series for
temperature (i) from 200 to 600 oC and (ii) from 400 to 540 oC.
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The DSC results shows that Curie temperature (Tc) decreases when doped with
RE ions. It is found that there is maximum decrease in Curie temperature for gadolinium
and neodymium, which are 454.79oC and 454.58oC respectively. The Curie temperature
for different hexaferrite samples obtained from the DSC curve has been listed in the
following table 12. The variation of Curie temperature with atomic number is shown in
figure 15.

Table 12 Curie temperature for BaFe12O19 and Ba0.7R0.3Fe12O19 series
Atomic number of doped
Curie
Name
elements
Temperature (oC)
BaFe12O19
56
458.83
Ba0.7La0.3Fe12O19

57

456.41

Ba0.7Pr0.3 Fe12O19

58

457.71

Ba0.7Nd0.3Fe12O19

60

454.58

Ba0.7Sm0.3Fe12O19

62

455.03

Ba0.7Gd0.3Fe12O19

64

454.79
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Fig. 15 Variation of Curie temperature with atomic number of RE ions for
Ba0.7R0.3Fe12O19 series.
The Curie temperature is largely determined by the inter-atomic exchange
interaction between iron ions (Fe+3-O-Fe+3 and Fe+3-O-Fe+2) and rare earth transition
metal inter- sub lattice interaction (Fe+3-O-R+3) [26]. As we dope barium hexaferrite, the
crystal gets contracted, hence the strength of exchange interaction decrease, which causes
decrease in Curie temperature. Also, the conversion of Fe+3 into Fe+2 ions reduces the
strength of the exchange interaction. On the other hand, replacement of the rare earth ion
increases exchange interaction by forming new interaction Fe+3-O-R+3. But formation of
the Fe+3-O-R+3 interactions is not sufficient to overcome the previous reduction in the
strength of the exchange interaction. The XRD studies show the minimum shift in peak
for ‘Pr’ hence the less decrease in the exchange interaction. Thus the reduction of Curie
temperature for praseodymium doped barium hexaferrite is less when compared to other
rare earth doped barium hexaferrites and maximum reduction in the Curie temperature
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was found for the ‘Nd’ doped barium ferrite because of maximum decrease in the
exchange interaction.
Ba07PrxLa03-xFe12O19 series
The figure 16 shows DSC curves for Ba07PrxLa03-xFe12O19 series. When
BaFe12O19 doped with the Pr and La then its curie temperature reduces slightly. There
were maximum reduction in the Curie temperature when doped with praseodymium with
concentration x=0.15.The list of the Curie temperature is mentioned in the table 13.
Figure 17 shows variation of Tc with concentration of ‘Pr’.
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Fig. 16 DSC curves for Ba07PrxLa03-xFe12O19 series where (A) BaFe12O19, (B) x=0, (C)
x=0.1, (D) x=0, (E) x=0.2, and (F) x=0.3 for temperature (i) from 200 to 600 oC and inset
(ii) from 400 to 520 oC.
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Table 13 Curie temperature for Ba07PrxLa03-xFe12O19 series
Name
Curie temperature (oC)
BaFe12O19

458.83

Ba0.7Pr0.3Fe12O19

457.71

Ba0.7Pr0.2La0.1Fe12O19

456.41

Ba0.7Pr0.15La0.15Fe12O19

454.58

Ba0.7Pr0.1La0.2Fe12O19

455.03

Ba0.7La0.3Fe12O19

456.41

The maximum decrease in Curie temperature for x=0.3 is because of least
decrease in exchange interaction which is consistent with the least shift of the X ray
diffraction peak for figure 12 (F). Similarly maximum reduction of Curie temperature for
x=0.1implies that exchange interaction has been decreased more with compared to others.
Figure 16 shows variation of Curie temperature with Pr concentration.
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Fig. 17 The variation of Curie temperature with ‘Pr’ concentration for Ba07PrxLa03xFe12O19 series.

4.4 Magnetic studies
The magnetic characterization was conducted by using alternating gradient
magnetometer. The hysteresis loop (M-H loops) measurements were done at room
temperature with combined use of AC and DC fields.
For the magnetic measurement, the weighed samples were embedded in epoxy. The
demagnetization process was carried out by the filed scanning from 14 kOe to zero by the
filed decrement 1%. The saturation magnetization, remanance and coercivtiy were
measured by using 14 kOe of magnetizing filed.
Ba0.7R0.3Fe12O19 series
The figure 18 shows hysteresis of Ba0.7R0.3Fe12O19 series. The value of coercivity
for BaFe12O19 is 2.2 kOe. This value of coercivity has been increased to 2.554 kOe for
Pr+3 doped samples. For the case of La+3 doped ferrites, it is almost same ~2.184 kOe.
There is significant deduction of coercivity for Sm+3 and Gd+3 doped samples which are
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1.834 kOe and 1.914 kOe respectively. The Nd+3 doped ferrites have least coercivity
among them i.e. 1.492 kOe. Figure 19 shows variation of coercivity with atomic number
of RE ions.
In case of Pr doped sample Hc increases because of ionic anisotropy of Pr+2 ions
has oblate distribution of 4f electrons. Although contraction of crystal and conversion of
Fe+3 to Fe+2 decreases the exchange interaction but anisotropy due to anistropic charge
distribution is sufficient to overcome those reduction hence Hc increases when doped
with Pr+2 ions. The significant reduction of the Hc for the case of Sm+3 and Gd+3 doped
samples is because of decrease in exchange interaction Fe+3-O-Fe+3 due to contraction
[33]. Also the conversion of the Fe+3 ions to Fe+2 reduces the exchange interaction. From
the XRD result, we see only low shift in the peak with respect to BaFe12O19 for the case
of La+3 doped sample. This indicates very small change in the exchange interaction, so
we observed almost no change in the Hc for La doped samples. Both Tc and Hc greatly
depend on the exchange interaction. This fact consistent with the least value Hc and Tc
observed for the Nd+3 doped samples.
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Fig. 18 Hysteresis loops for (A) BaFe12O19, (B) Ba0.7La0.3 Fe12O19, (C) Ba0.7Pr0.3 Fe12O19,
(D) Ba0.7Nd0.3 Fe12O19, (E) Ba0.7Sm0.3 Fe12O19, and (F) Ba0.7Gd0.3 Fe12O19 at RT.
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Fig.19 Variation of coercivity with atomic number of RE ions for Ba0.7RE0.3Fe12O19
series.

From the figure 20 the saturation magnetization (Ms) for pure BaFe12O19 is 37.2 emu/g
which is less than the Ms observed by the S. Ounnkund et. al (2006) which is 66.2 emu/g.
This difference in Ms is because of insufficient value (14 kOe) of the applied field during
magnetic measurement .This value of Ms follows somewhat same pattern as Hc with
doping but variation in the magnetization is very large. The magnetization has been
increased to38.42 emu/g for the Pr+3 doped samples. For the Nd+3 doped samples, it has
been decreased to be low value around 1.2 emu/g. For all other rare-earth metals like Sm,
La, and Gd doped samples, the magnetization decreases to the values 18.2 emu/g,10.059
emu/g, and 7.4 emu/g respectively. Table 14 shows Hc and Ms for Ba0.7RE0.3Fe12O19
series.
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Table 14 Hc and Ms for different RE doped ferrites Ba0.7RE0.3Fe12O19
Chemical formula of
Hc (kOe)
Ms (emu/g)
sample
BaFe12O19
2.190
37.20
Ba0.7La0.3Fe12O19

2.184

10.06

Ba0.7Pr0.3 Fe12O19

2.554

38.42

Ba0.7Nd0.3Fe12O19

1.492

1.20

Ba0.7Sm0.3Fe12O19

1.834

18.20

Ba0.7Gd0.3Fe12O19

1.914

7.40

As we discussed before the saturation magnetization depends mainly on two factors:
alignment of doped rare- earth ion R+3 with respect to Fe+3 ions and crystallographic sites
of the newly developed Fe+2 ions. We can notice that there is huge change in Ms in
different RE doped samples. We have noticed only increment in the saturation
magnetization for the case of Pr+3 doped sample only. This is because of alignment of the
doped Pr+2 ion parallel to the Fe+3 ion in 12k, 2a or 2b sites and formation of Fe+2 ion at
other than 4f1 and 4f2 crystallographic sites. For all other cases, Ms have been decreased
which might be caused by anitparallel alignment of the doped ions (R+3) and creation of
the Fe+2 ion at other than 4f1 and 4f2 crystallographic sites. Figure 20 shows variation of
Magnetisation with atomic number for Ba0.7R0.3Fe12O19 series.
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Fig. 20 Variation of saturation magnetization with RE ions atomic number for
Ba0.7R0.3Fe12O19 series.
Ba0.7PrxLa0.3-xFe12O19 Series
Figure 21 shows hysteresis curve for Ba0.7PrxLa0.3-xFe12O19 Series. The BaFe12O19
sample displays hard magnetic characteristics with Hc ~ 2.19 kOe and saturated
magnetization of Ms ~ 38.42emu/g. When the Barium ferrite is doped with ‘La’
magnetization decreases to10.06 emu/g. As we increase ‘Pr’ concentration in the sample,
magnetization increases and exceeds the value of BaFe12O19 (37.2 emu/g) at
concentration of x=0.2. When La is completely replaced with Pr, saturation
magnetization reaches maximum value i.e. 38.42 emu/g. The saturation magnetization for
different concentration of Pr+3 has been listed in the table 15.
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Fig. 21 Hysteresis loops for Ba07PrxLa03-xFe12O19 series where (A) BaFe12O19, (B) x=0,
(C) x=0.1, (D) x=0.15, (E) x=0.2, and (F) x=0.3.
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Table 15 Saturation magnetization for Ba0.7PrxLa0.3-xFe12O19 series
‘Pr’ Concentration
Ms (emu/g)
0

10.06

0.1

17.95

0.15

30.61

0.2

37.11

0.3

38.42
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Figure 22 shows variation of Ms with ‘Pr’ concentration. The magnetic moment
of the La ions should have aligned antiparallel to the Fe+3 ions at 12k, 2a or 2b crystallite
sites which decreases the Ms. But Pr ions should be parallel with respect to Fe+3 ions at
12k, 2a or 2b sites. Also when doped with Pr the creation of Fe+2 ion should be formed
more at 4f1 and 4f2 sites. Because of these two reasons, Ms increases with increase in Pr
concentration in the sample.
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0.25
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(x), Ba0.7PrxLa0.3-xFe12O19
Fig. 22 Variation of saturation magnetization with Pr conentration for Ba0.7PrxLa0.3xFe12O19 series.
The coercivity for Barium hexaferrite has been observed as 2.199 kOe.From the magnetic
measurement, it has been found that there is significant change in the coercivity, when
Barium ferrites doped with Pr and La with different concentration. The sample has
maximum value of coercivity when doped with only Pr with concentration of 0.3. Table
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16 has listed observed value of coercivity for Ba0.7PrxLa0.3-xFe12O19 series. Figure 23
shows variation of coercivity with Pr concentration.

Table 16 Coercivity for Ba0.7PrxLa0.3-xFe12O19 series
‘Pr’ Concentration
Coercivity(kOe)
0

2.184

0.1

1.914

0.15

2.415

0.2

2.097

0.3

2.554
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Fig. 23 Variation of coercivity with Pr conentration for Ba0.7PrxLa0.3-xFe12O19 series.
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As mentioned before the large value of coercivity for only Pr+3 doped Barium
hexaferrite is because of anisotropy created by the oblate charge distribution of the 4f
electrons of Pr+3 ion in the crystal filed [26]. Also, the new exchange interaction Pr+3-OFe+3 created after Pr doping must have helped to increase the strength of the exchange
interaction. On the other hand crystal gets contract after doping, which decreases the
exchange interaction Fe+3-O-Fe+3 hence the coercivity decreases. Thus those decreased
value of coercivity for different concentration of Pr might be due to the reduction of the
exchange interaction Fe+3-O-Fe+3 because of contraction. The least value of the exchange
interaction for x=0.1 is because of least exchange interaction because of contraction of
crystal.
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CHAPTER 5
CONCLUSIONS
The aim of the present study was to understand the variation of the magnetic
properties when the barium hexaferrite is doped with the rare-earth metals. Following
conclusions are drawn from our study.
1.

The BaFe12O19 and their rare earth doped series can be fabricated by solid state
reaction method by heating iron oxalate, Barium peroxide and Rare-earth metal
oxide heating at 1200 oC for 24 hrs.

2.

The XRD study indicates that the crystal barium ferrites get contracted when
doped with rare-earth metals.

3.

The thermal study of rare earth barium ferrites shows that the Curie temperature
for BaFe12O19 is around 459 oC and this decreases slightly when it is doped with
different rare-earth metals.

4.

The magnetic properties can be greatly varied by doping barium hexaferrite with
the rare-earth metals. From the study of Ba0.7R0.3Fe12O19 series, it was noticed that
coercivity of BaFe12O19 (2.19 kOe) can be increased by doping with ‘Pr’ (2.554k
Oe), for lanthanum doped sample it is almost same (i.e. 2.184 kOe). For all other
RE ions (Nd, Sm, and Gd) coercivity decreases and the maximum reduction can
be observed for ‘Nd’ doped sample i.e. 1.492 kOe. The magnetization can also be
increased to 38.42 kOe when it is doped with Pr+3 ions. For all other RE ions
doping magnetization decreases and maximum decrement takes place for Nd+2
doped sample (i.e. 1.20 kOe). From Ba07PrxLa3-xFe12O19 series, we can conclude
that as we vary concentration from x=0 to 0.3, saturation magnetization increases.
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The maximum value of saturation magnetization can be observed for
concentration of ‘Pr’ =0.3. The Hc also varies with ‘Pr’ concentration. The
maximum coercivity can be observed for x=0.3 and least for x=0.2 (i.e. 2.097
kOe).
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CHAPTER 6
FUTURE WORK
1.

Several other rare earth elements (Ce, Er, Tb etc) can be partly substituted in
Barium Ferrite to bring changes their coercivity and magnetization.

2.

Several other non magnetic metals like Al, Zn, Sn etc can be used to partly
replace iron ion to enhance magnetic properties.

3.

Mossbauer studies have to be done to understand the effect of near-neighbor
coordination on Fe atoms.

58

REFERENCES
[1]

http://www.ndted.org/EducationResources/CommunityCollege/MagParticle/Physi
cs/MagneticMatls.htm

[2]

http://www.irm.umn.edu/hg2m/hg2m_b/hg2m_b.html

[3]

S. Hirosawa, A. Hanaki, H. Tomizawa, and A. Hamamur, J. Physical review,
B164, 117-123 (1990).

[4]

W. Ervens and H. Wilmersmeier, Ullmann’s Encyclopedia of Industrial
Chemistry, 5th Edition, A16, p. 1-51 (John Wiley and Sons, New Jersey, 1990).

[5]

F. X. N. M. Kools and D. Stoppels, Kirk-Othmer Encyclopedia of Chem. Tech.,
Fourth Edition 10, p. 381-413 (John Wiley and Sons, New Jersey, 1993).

[6]

C. Barry Carter, M. G. Grant, Ceramic Materials: Science and Engineering
(Springer Science and Media, New York, 2007)

[7]

D. F. Shriver, P. W. Atkins, T. L. Overton, J. P. Rourke, M. T. Weller, and F. A.
Armstrong, Inorganic Chemistry (Oxford University Press, New York, 2006).

[8]

K. H. J. Buschow and F. R. de Boer, Physics of Magnetism and Magentic
Materials (Klewur Academic Press, New York, 2004).

[9]

E. W. Gorter, J. Magnetism and Magnetic Materials, 104B, 2255-2257 (1957).

[10]

V. Adelskold and A. Kemi., J. Mineralogy and Geology, 12A, 1-4 (1938).

[11]

P. B. Braun, J. Philips Research Report, 12, 491-494 (1957).

[12]

P. W. Anderson, J. Physical Review, 79, 350-353 (1957).

[13]

doitpoms@msm.cam.ac.uk

[14]

S. Chikazum, Physics of Ferromagnetism (Oxford Science Publications, New
York, 1997), Chapter. 1, 5.

59

[15]

K. J. Klabunde, Nanoscale Materials in Chemistry (John Wiley & Sons, New
York, 2001), Chapter .6.

[16]

P. Wilkes, Solid State Theory in Metallurgy (Cambridge University Press
Cambridge, 1973), Chapter. 5.

[17]

L. Beke, J. Crystal Research Technology, 33, 1039 (1998).

[18]

C. A. Harper, Electronic Materials and Processes Handbook (McGraw Hill
Companies, New York, 2003), Chapter. 3.

[19]

G. Schmid, Nanoparticle, From Theory to Application (Wiley-VCH Verlag
GmbH & Co. KGaA, Weinheim, Germany, 2004), Chapter. 3.

[20]

A. Lynch and C. Rowland, The history of Grinding (Society of Mining and
Metallurgy, Colorado, 2005).

[21]

D. Harvey, Modern Analytical Chemistry, (Mc Graw-Hill, New York, 2000).

[22]

A. H. Lu, E. L. Salabas, and F. Schuth, J. Angewandte Chemie, 46, 1222-1244
(2007).

[23]

C. J. Brinker and G.W. Scherer, Sol-Gel Science (Academic Press, San Diego,
1990).

[24]

T. Gonzalez-Carreno, M. P. Morales, and J. Serna, J. Materials Letters, 43, 97101 (2000).

[25]

http://www.wisegeek.com/what-should-i-know-about-styrofoam-insulation.htm

[26]

R. Skomski and D. J. Sellmyer, J. Rare Earth, 27, 675 (2009).

[27]

X. Liu, W. Zhong, S. Yang, Z. Yu, B. Gu, and Y. Du, J. Solid State Physics, 193,
314 (2002)

[28]

S. Ounnunkad P. Wintai, and S. Phanichaphant, J. Electroceram, 16, 357-361
(2006)
60

[29]

M. A. Ahmed, N. Okasha, and R. M. Kershi, J. Magnetism and Magnetic
Materials, 320, 1146-1150 (2008).

[30]

D. Roy, C. Shivakurmara and P.S. Anil Kumar, J. Magnetism and Materials, 321,
L11-L14 (2009).

[31]

U. Topal, H. Ozkan, and H. Sozeri, J. Magnetism and Magnetic Material, 284,
416-422 (2004).

[32]

Y. P. Fu, C. H. Lin, and K.Y. Pan, J. Applied Physics, 42, 2681-2684 (2003).

[33]

S. Ounnunkad, J. Solid State Communication, 138, 472-475 (2006).

[34]

C. Kittel, Introduction to Solid State Physics, 8th edition ( John Wiley and Sons,
Inc., New York), Chapters.1, 11, 12

[35]

A. Singh, S. Bindra Narag, K. Singh, O.P. Pandey, and R. K. Kotnala, J. Ceramic
Processing Research, 11, No. 2 pp. 241-249 (2010)

[36]

U. Topal, H. Ozkan, and H. Sozeri, J. Magnetism and Magnetic Material, 284,
416-422 (2004).

[37]

J. Smith and H. P. J. Wijn, Ferrites, (Wiley, New York, 1959).

[38]

B. Lax, and K.J. Button, Microwave Ferrites and Ferrimagnetics (McGrawHill
Press, New York, 1962).

[39]

W. H. von Aulock, Handbook of Microwave Ferrite Materials (Academic Press,
New York, 1965).

[40]

R. A. Mc Currie, Ferromagnetic Materials: Structure and Properties (Academic
Press, London, 1994).

[41]

N. Spaldin, Magnetic Material: Fundamentals and Device Applications,
(Cambridge University Press, Cambridge, 2003).

61

[42]

G. Winkler, Magnetic Properties of Materials, ed. J Smith, (New York, McGrawHill, 1970).

[43]

S. Kim, D. Han, and S. Cho, J. Material Chemistry, 30, 4554-4556 (1994).

[44]

R. F. Louh, T. G. Reynolds III, and R.C. Buchanan, Ceramic Materials for
Electronics, 3rd Edition, ed. R. C. Buchanan, (Marcel Dekker Inc., 2004).

[45]

G. Mumcu, K. Sertel, J. L. Volakis, A. Figotin, and I. Vitebsky, J. Antenna and
Propagation, 213, 95-98 (2004).

62

